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FOREWORD

This report contains the results of a model-
ing study on missiles launched vertically into
the Variable~Angle Variable=-Pressure Launching
Tank at the U, S, Naval Ordnance Teat Station,
The study was made under Bureau of Ordnance
Task Assirnment NOTS-C3d=-444-3-56,

Anoth sr study on the results of modeling
with missiles launched at oblique angles is con=
tained in Part 2 of this report,

This report was reviewed for technical
accuracy by J. H, Wayland of the California
Institute of Technology and by T, G, Lang of
this Station,

D, J. WILCOX, Head
Undarwater Ordnance

Toglr1mani

Released under
the authority of:

WM, B, McLEAN
Technical Director
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ABSTRACT

Modeling studies were conducted with a 2=~
inch-diameter homisphere-head missile as a
prototype and with 1= und |/2-inch~diameter
models of the prototypa, This “modeling with
models" program was carried out to investigate
the importance of gas~density scaling in con=
Junction with Froude and cavitation=number
scaling {n water~entry cavity modeling,

The observation of the cavities formed by
the vertical entry of these models showed thu:
one-to-one scaling of the Froude and cavitation
numbers and of the gas density coefficient mod«~
eled the cavity to a high degren of accuraey.
Failure to scale the cavitation number did not
prevent good modeling, but when the gas density
coefficient was not scaled modeling did not oc=
cur, CGood watar=penstration=distance modeling
obtained for all modeling conditions.

Evaluation of the importance of atmospheric~
density scaling on water =entry modeling must be
deferred until teats are extended to include launche-
ings of modola at oblique angles,

Cavitation~number scaling cannot be dia~
regarded in the genera] water=eniry modeling
problem because it has been found necessary to
model missile motion in oblique water entry.

iv
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INTRODUCTION

An important objective in small=scale modeling of the water
entry of bombs, torpedoces, and other projectiles is to detormine
ihe underwater trajectory of the prototype missaile, The initial
regime of underwater trajectory mnatinn at high woter=entry
speeds takes plaice with a eavity, [t is evident that cavity size
and shape affect the underwater=trajectory behavior of the missile.
Huence successful modeling of underwater trajectory in cavity
motion necessarily includes modeling of the cavity,

In modeling studies with onu=to~one Froude and cavitation=
nurmber scaling (with reduced air pressure), the air density is not
preserved, ‘This technique scales static pressure on the water
and cavity surfaces to the extent that pressure is constant over
connectod regions of air, but it does not scale the dynamic pres-
sure, }pgv&. Consequently, roducing the air density lessens the
pressure tending to close the cavity and delays cavity seal, This
may increase cavity size by allowing a larger volume of air to
enter the cavity, Therefore, in order to model the cavity aize it
may vecome necessary to preserve gas density,

Good water-entry and underwater=trajectory modeling (Ref. 1 =3)
have been obtained for several misaile configurations with one=
to-one Froude and cavitation=number scaling, This was acconi=
plished in the Controlled=Atmosphere Launching Tank at the
California Institute of Technology and in the Variable-Angle
Variable=Pressure Launching Tank at the U,S, Naval Ordnance
Test Station (NOTS). Since no data were obtained on cavity size
and shape, the role of the cavity in determining missile perform=
ance in not clear, and the sensitivity of the cavity to the scaling
conditlons is not known,

The purposc of the experimental program reported here was
to investigatu the importance of gas~density scaling in conjunction
with Froude and cavitation-number scaling in water-entry cavity
modeling, Since no large-scale prototype datu were available,
nnd time and expense precluded obtaining them, it was decided to
conduct n *modeling with modeis" program ir which a 2«inch
dinmueter model was used as the prototype misaile, The cesults
e sbnlies cauld be used da evaduate the feasibility of model-
gt with borprer sealing ratios which are required for modeling »
proatotype seevice missile,
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WATER=-ENTRY CAVITY MODELING TECHNIQUE

Water-entry theory (Ref, 4 and 5) indicates that with one~to=onu
Froude and cavitation=number and gas=-density acaling, the water-
entry cavity may be properly modeled and missile apace=time
similitude obtained. The theory will not be presented here, but
the model constraints and the model=prototype relationships de-~
rived from theory on ths basis that water is used for hoth model
and prototype are as follows:

Liet the ratio of the model diameter to the prototype diameter
(modeling scale factor) be given by

d
(1) A
dP
The model constraints are
(2) I = Mp
(3) My, * x3mp
5
(4) Im = A IP

The atmospheric=pressure modeling constraint is
(8) Pgm * MPgp

The gas=density modeling constraint is

(6) Pgm * Pgp

Corresponding points along the geometrically similar tra-
jectories are identified by equal distances in diamaeters or calibers:

dm
(7) S * e B ".P

dp

The time similitude givea

(8) a3 *A[At(8)

i~
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(9) 8itm) = kup(tp)

where t, and t, ure the model and prototype times for correspond=
ing points, At {)hc instant of missile water contact ty » t,# 0 and

8,n(0) = gp(o) a 0,
Other model=prototype rclationships are as follows:

(10) Ven(tm) = VAvp(ty)
(11) Em(tm) = 2p(tp)
(12) 0 mftm) = 0 p(tp)
(13) & mltm) = 6pltp)
(14) ¥m(tm) * ¥p(tp)

Launching constraints on model orientation and velocity are
given by Eq, 10 to 14, since the initial boundary (water=-contact)
conditions must satisfy these squations, For proper water=entry
cavity modeling, goometric similarity will obtain with linear
dimensions of the model cavity scaling as A at timenAt,

EXPERIMENTAL PROGRAM

PROTOTYPE AND MODELS

A simple shape consisting of a hemispherical head, cylindrical
body section, and camher tail was used for the modeling atudies,
The hemispherical head shape was selected for severa) reasons.
First, it was known {rom previous investigations (Ref,6 and 7)
that change in atmospheric density caused large differences in the
vertical water-entry cavity of a aphere, Therefore it was ox=
pectud that changes in sbuosphes ic densily would produce moas-
urable differences in the vertical water-entry cavity of the
hemispherical-head missile, Second, thia head shape has the
added advantage of relative stability at water entry, which reduces
the chance of the density effect being obscured by any fluctuations
of the cavitation number or small differences in missile attitude
at water entry, The contours of the body and tail sections of the
missile were selected for ease in machining, An arbitrary length=-
to~diameter ratio of six was chonen for the missiles,
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Launcher poestrictions Iinited the prototype model to a dismeter
of 2 inchoes, T'wo smaller models, 1=inch and 1/2-inch in diameter,
peomoetrically and dynamically similar to the prototype, were
usied (Fig, 1). Miasile dimensions and parameters aro shown in
Tabto 1,

LAUNCHING FACILITIES

The Varinble=Angle Varinble-Pressure Launching Tank in the
NOTS Hydroballistica Laboratory was used in these studies
(Ref, 8), In this tank, models up to 2 inches in diameter can be
launched at entry velocities as high as 120 ft rec=l, The antry
velocities nre measured with a photoelectric timer during the air
flights of the miasilea, The trajectory angle at water entry cian
be varied from 5 to 90 degrees from the horizontal, and the gas
pressure over the water surface can be varied from 1,5 to less
than 0.1 atmoaphere absolute, Side=view pictures of the missile
and of the underwater cavity are taken with a rotating=disk camera
illuminated by Edgerton-type flash lamps. Time along the missile
trajactory can be determined {from the known flash rate of these

lampe, A more complete description of these facilities can be
found in Ref, 9 and 10,

TEST CONDITIONS

An axially symmaetric cavity is formed only if the trajectory
and axis of the missile are vertical at water entry, This condi=
tion wus selected hecause the simplest entry cavity was desired
for the initial study, A test schedule was established to investi=
gate the cffect of the following scaling conditions on water-entry
cavily modeling:

l. One«to=one Froude number and gas-density scaling

2, One«tn-one Froude and cavitation-number scaling

3, One~to=one Froude, cavitation-number and gas~density
scaling

This schedule is shown in Table 2, Although the program seems
aimilar to a previous atudy (Ref, 6), it differed in two significant
points, First, water~entry cavity behavior for a missile shape
with a hemispherical nose cannot be assumed to be the same as
that of a wphere; and second, this program was specifically de~
signed to evaluate acaling techniques, whereas the vther study
was more genoeral in nature,

Originally it was Intended to choose mode! launching conditions
to scule a 4~inch~diameter prototy?e launched under atmospheric
conditions into water at 170 ft vec™!, The chuice of such condi=
tions would not limit the model program in the Variuble-Angle
Varishle=Prassure Launching Tonk, and should 4=inch=diameter
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prototype launchings become feasible at a later date, the model-
ing scale ratio could be extended by inclusion of these prototype
launchings, '

In describing gas pressures and densities, it was found con=
venient to define reference standards, Since average ambient
conditions of temperature and pressure at tne Morris Dam
Torpedo Range (where prototype tests were contemplated) and
the Hydroballistics Laboratory at NOTS approximated 20°C and
740 mm of mercury, it was convenient to define 1 aimosphere
as 740 mm of mercury, Gas densities are described in terms
of a gas~density coefficient p', which is the ratio of the denaity
of the gas (irrespective of its associated conditions of tempera-
ture and pressure) to that of air at 20°C and 740-mm pressure,

The desired gas densities were obtained by mixing air with
two heavy gases, Freon 12 (dichlorodifluoromethans, Ref, 11)
and Freon 114B2 (dibromotetrafluoroethane, Ref, 12), which
have densities, respectively, four and nine times greater than
air, under the same conditions of temperature and pressurs,
Theoretically, it should be possible to obtain a gas~denaity coeffi-
cient of 1 over a water surface with u gas nine times as heavy as
air ot a pressure of 1/8 atmosphere if the water~vapor pressure
is not greater than 10 mm of mercury. For this reason the tank
water was chilled to }0°C, thereby reducing the vapor pressure
to 9 mm of mercury, However, the tank leaked air causing the
maximum gas-density coefficient obtainable at 1/B atmosphere
to be 0.8, Therefore it was decided to take a gas=density coef~
ficient of 0.8 as the “reference” atmospheric density, even though
this meant the impossibility of future one~to-one gas~density
scaled tests with the 4-inch~diameter model. Helium waas added
to air to reduce its gas=-density coefficient to 0.8 for the full
atmospheric pressure launchings. Mod=l launchings were also
mrde at atmospheric pressure and a gas-density coefficient of
1.0, This wan done to determine to what extent prototype cavi-
ties having a gas=-density coefficient of 1.0 could be predicted
from a modeling system having a gas~denaity coefficient of 0.8,

The Variable=-Angle Variable=Pressure Launching Tank was
evacuated until the calculated amount of air and water vapor, as
determined by pressure, remained, Fraon or ! slium was then
added to bring the gas mixture simultaneously to the desired
launching density and pressure., The gases were mixed by a
small fan in the dome of the tank, Immediately before launch«
ing, the fan was stopged and a gas sample withdrawn from a
point approximately 6 inches above the water surface. The
sample, taken at tank pressure, was drawn into a calibrated
gas=denaily balloon and the gas density determined gravimet-
rically,
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In order to deterimine if the presence of varying amounts of
air in the waoter altered the entry cavity, several lounchings were
miade into water having different alr contentsl, It was found that
although the size und shape of the cavity were unaliered by the
presence of excess alr, the texture of the cavity wall becamao
rough when the air content exceeded the cquilibrium concentra=
tion with air at atmospheric pressure, Since welledefined cavity
contours were desired, this equilibrium concentration wus care-
fully maintained during all tests,

The launching conditions are shown in Table 3, Triplicate
launchings were made under each tcst condition,

The 2«inch-diameter prototype was tracked at least 25 di-
ameters after water entry, the 1=inch=diameter model for 35 di-
ameters, and the 1/2=-inch-diameter model for 45 diametara,
The prototype model was photographed at 0,0025=ascond time
intervals, The smaller models were photographed at shorter
time intervala of 0,00167 and 0,00125 second, respectively, which
scale approximately as4/\. Zero time was defined as the instant
of contact Letween the missile and the water surface, The ace
curacies with which the entry conditions of the model and the
chzncterlutlcl of the cavity could be measured are listed in
Table 4,

DISCUSSION OF RESULTS

Figure 2 reproduces a typical film from the rotating-diak
cameara, which illustrates the water=-eniry of the 1~inch=diamter
model launched with a water=coatact velocity of approximately
H5 ft sec™! and in an atmospheric mixture of uir and Freoonl2, The
gas pressurewas 1/4 atmosphore and the gas denslty coatficient
0.8, To preclude any amibiguity in the terras Ysurfuce closure"
and *deep closure the cavity closures are indicated in Fiy, 2,

————— p—

1'I‘he photogrnphs taken to investignte the effects of water air-
content revealed iwo interesting aspects of cavity flow that were
not directly related to water -entry cavity modeling. First, be-
cause the transient water-entry cavities were sufficiently similar
to steady~state cuvities observed in water tunnels, a separats
study was made to asscas tha feasibility of predicting water-entry
cavity preasures from the known pressures in steady~state covi=
ties, Sccond, transverse circular striae that could have been
caused by longitudinial vibratlion of the missile at water impact
were obderved on water-entry cavity walls, These uspects of
cavity flow are discussed in Appendix 9 A and B3,
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TABLE 4, Accuracy of Measurement of Entry Conditions
and Cavity Characteristica

Accuracy of Measurement
Quantity Measureod Prototype Scale

Ambient Conditions

Water temperature . . . . . . , +1/4°C

Gas temperature . . . . . . .« *¥1/4°C
Gasdensity , ., . . v v v v ¢ o +0,008 p!
Gos pressure , . . . o o 00 . 40,005 atm
Entry Velocity of Misailes

2=in, diam, prototype . . . « . t1/2 1t sac”!
1= and 1/2~in, diam, models , , 13 ft sec"l
Time

Flash rate of lights cycles/sec, +l us
Zarotime . . . ¢ « ¢ 00 b b o0 illsm.
Cavity Characteristics

Closures

2=in, diam, prototype ., . . , . +1,3 ms

)~ and 1/2«in,diam, models , . T1.2 ms
D*.m‘ter I T Y R T T N L I e N El/e in'
Ar".-ancocnoooooo isinz

Surfuce closure is defined as the closure of the water surface it-
self and not the dome « f the splash, and deep closure is defined
as any permanent break in the cavity beneath the water surface,
The photographs of the missiles were measured to determine

the growth and closure of the entry cavities, Parameters meas~
ured and plotted as functions of time were: (1) the time and posi-
tion of cavity closures, (2) the cavity diameter at the missile tail,
and (3) the projected cavity area in a vertical plane containing the
cavity axis of symmetry, In order to make the curves describing
the cavity behavior of the three misnsiles directly comparable,

the model data were scaled to prototype size by multiplying
distances by 1/%, areas by 1/, and time by 1/A/A. These data
are shown in Fig, 3=5, Closure, diameter, and area curves from
cach test condition are presented in the same illustration to pro-
vide a better inmight into cavity behavior. The area brackete! by
the data from cach set of three duplicate curves was prencnted
{nstead of mn average curve in order to show both the behavior of
the cavity and its reproducibility, When the cavity behavior was
erratic, the three individuul curve: wore plotted separately,
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CAVITY CL.OSURE

The three missilea formed roproducible cavitins under the
same entry conditions as long as a gas~denaity coofficlent of
0.8 or higher was maintained, These cavitive always closed
first at the water surface, When the gas~donsity coufficient was
allowed Lo decrease with the atmospheric pressurc, cavity clo=
sure bocame erratic under supposedly equal entry conditions,
Surface closure was late, and in saome i .stances followed decp
closure or failed to occur during the recorded trajectories, The
cavity closures are extremely important in determining cavity
history because (1) the mass of gas in the cavity cannot appreciably
increase after the water surface closes, and (2) the persisience of
the cavity about the missile is largely detarmined by the time and
place of deep closure,

Both surface and deap closure always occurred in such a
fushion that the newly formed scal at the top of the cavity was flat
and essentially parallel to the water surfuce, The depth of the
cavity top was moasured and plotted as a function of time after
water entry, A separate curve resulted from each seal, The
earliest point on each curve was located at the time and depth at
which the seal occurred, and subsequent points marked the later
positions of the top of the cavity remaining about the missile, In
many instances soveral deep closures occurred during a single
launching. Depth measurements were terminated when the flat
surfaces were no longer sufficiently well defined to be mensured
accurately,

Figurea 3=5 compare the Liosures obtained with one=-to=-one
Froude and cavitation=number or Froude=number and gas=density
scaling to those obtained with Froude and cavitation number and
gus density scaled simultaneously. Neither surface nor deep
closure was modeled unleas the condition of one=to-one gas=-
density scaling wias included, Then both closures were scaled to
a good degres of accuracy with or without one~to=one scaling of
cavitation number, although modeling of surface closure was
slightly improved by scaling cavitation number. No numerical
comparison could be made with the data presented in Ref, 6,
However, a genorally similar pattern of cavity closure was
observed during both investigations.

The ratio of the difference in depth to the difference in time
between surface and first deep closure (Fig, 3=8) provides an
index of cavity modeling, If the ratio for the 2=inch~diameter
inissile with one=to=one Froude and cavitation=number and gas-
density scaling is taken as the prototype modeling condition, a
closure parameter o which compares cavity=closure modeling
under the different scaling conditions can be defined as follows:

17
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whore Ah is the difference in depth and At is the difference in time
betwcen surface and firat deep closure, Depth and time in the
numerator of Eq, 13 have been acaled to prototype conditions, and
the denominator (&h Atp).. representa the ratio for the prototype
modeling condition, Subscripts are not used in the numerator
becuuse rutios for both prototype and models are used, For per=
fact cavity closure modeling, & = 1, Aa modeling fails, @ deviates
progreasively from this value, From Fig, 6 where u ia plotted as
a function of gas pressure and scaling conditions, it is evident
that one=to=ons gna-density scaling is necessary for modeling the
closure parameter and that one=to=one cavitation-number acaling
is of relatively little importance,

CAVITY DIAMETER

For convenience, the cavity diamaeter curves {rom Fig, 3=8
are reproduced together in Fig.7. The magnitude of the cavity
diameter at the missile tail, which was measured only when the
tail was not in contact with the cavity wall, was not much altered
by the various scaling techniques smployed. Under no circum-
stances did these curves deviate more than one miasile dinmeter
from the prototype condition, However, marked oacillations ap-
peared in the diameter«time curves that were obviously not
modeled by any scaling technique uaed in this investigation, It ,
was obsorved that:

1, Oscillation occurred only after the cavity was closed fram
the atmosphere above the water surface,

2, The period of the oscillation incrensed with
3:; increase in missile diameter at conatant Froude number,
b
[

decrense in gas density, and
decrease in gas pressure,

The periods of the oscillation, T, were sufficiently well defined
in several instances to be measurable and were found to be ex~
pressible as T(p')% /d* = 0,024 second prototype time atF « 81,8,
p' = 0,8 or 1,0, and pg r ' atmosphere, Although this relationship
admittedly is bused upon few data, and may be no more than a
fortuitous coincidence, it may serve as a guide in further investi=
gation of thia cavity oscillation,

CAVITY VOLUME FROM PROJECTED CAVITY AREA

The projected cavity area provides an index for comparison of
cavity volume when the cavities are geometrically aimilar, For
geometrically similar cavities

18
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(16) Ratio of cavity volumes = A ratio of projected cavity areas

The shape of the cavity was distorted when the misgsile tail
struck the cavity wall and area measurements ware terminated at
first tail contact, When the cavity waa broken by deep closure,
the area of the cavily remaining about the missile was meausured,

When the atimospheric density was 0.8 or higher, the shapes of
the cavities made by the three missiles were sufficiently similar
throughout the tranjectory that ca rity area could be considered
proportional to cavity volume (Fig. 8), Figure 9 shows that fair
modeling of cavity volume was achleved by one-to~ane scaling of
Froude and gas density, and that excellent modeling resulted when
the cavitation number was nlso acaled. Successful modeling of
cavity volumes, with 1=inch and 1/2-Inch-diametler spheres in a
one=to~one Froude and cavitation=number and gas-density scaled
systern, was also reported in Ref, 6,

When gas density was not scaled, the cavities from the three
missiles were initially similar, Later in the trajectory, however,
they became quite different in shape (Fig, 10), and no diroct com=
parison of volume could be made. However, both the photographs
and the area curves indicate that the cavity became excessively
large as the model diameter, and hence the attnospheric density,
decreased,

It is felt that the cavity~area curves substantiate the definition
of surface closure ermnployed throughout these tests since the cavie
zies ceased to increasme {n size about the time of surface closure

Fig, 3=5),

MISSILE MOTION IN UNDERWATER CAVITY

From Eq. 1, 8, and 9, missile water penetration distance will
be modeled if the distance, expr2ssed in diameters, is _the same
when the corresponding times of penetration scale asy A, Meas~
uremenis of missile penetration distances for scaled times of
penetration were made and distances corresponding to 0,05 second
prototype acale are shown in Table 5, These data represent the
greatest distance for which modeling comparison could be made,
The data indicate that good water penetration distance modeling
was obtained for all modeling conditions used, Furthermore,
there is no evidence that the penetration distance was affected by
the modeling condition,

From Eq, 11, 12, 13, and 14, missile oriontation will be modeled
it the orientation is the same when the times of penetration scale
as 4N, However, luuncher vibration gave the models viarying angu-
lar velocities in air flight with the resull that missile water=centry
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orientation and angular velocity varied from launching to launch-
ing. Therefore it was not pasaible to study the medeling of mis=
sile orientation in the cavity,

TABLE 5, Poenotration Distance in Diameters

Pencotration distance measured to nose of missile at 0,08
second afier water entry, prototype scale,

Prototype, Model, Model, _
Modeling 2=inch Diam, l=inch Diam, [1/2-inch Diam,
Condition ML | Distance, | ML | Distance, ] ML | Distance,
No, Diam, No. Diam, No. Diarn,
Fa«i1 8 1662 23.5 1637 23.5 1629 24,3
g not scaled | 1663 23,6 1638 23,6 1630 2.8
p'= 0,8 1664 23,8 1639 23.3 1631 23,8

F«51.8 1649 23,7 1646 23.2 1672 24,4
oz 0,073 1660 24,6 1648 23,4 1674 25,1
p! not acaled| 1661 23,8 1669 23,8 1676 21,68

F =518 1658 23,0 1651 23.0 1624 23,5
= 0,073 1656 23,3 1682 22,7 1626 24,3
= 0.8 1657 24.6 1667 23.0 1627 23,8

scaled | 1603 24.0 1634 23.8 1607 24,5
.8 1604 21.9 1635 23.8 1617 24.%

-]

p'=z 0

Fa31,8 1598 23,7 1633 23,2 1605 24.4
¢ not

p'= 0

BExtreme yaw and tail contact at water entry,

SCALING OF FULL-SIZE MISSILES

Predicting the water-entry and underwator-trajectory behavior
of a full=size (22,4=inch diameter) missile from a 2-inch=diameter
model involves a scale factor A = 1/11. One<to-one Froude=- and
cavitation=number and gas=density sealing would require that the
gas pressure be reduced to 1/11 atmonaphere, while the gas-density
coefficient be kept equal to 1,0, At this pressure the heaviest gas
presently available which is suitable for modeling studies (dibromo-=
tetrafluoroethune), when saturated with water vapor ut ambient
temperature, has a density coefficient of 0,74, Therefore the dif-
ference in behavior produced by increasing the gas-density co-
cfficient from 0.8 to 1.0 {8 of interust, In Fig, 1/ =13 results
from tests made with one-to-one Froude-numbar and gas=density
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sealing (qas~density coefficient equal to 1,0) are corapared with
the data from Fig, 3=5., For con -enience and clupity, behavior of
cach of the three missiles is plolted separately, The change in
cavity behavior as a rosult of varintion in atmoapheric density
from 0.8 to 1,0 was amull compared to the large change cauned by
complete disregard of gns=density acaling,

Although it might b surmised from thews data that full-scale
cavity prediction would be much improved by using one=to-one
gas~-denaity scaling or approximating this acaling as closely as
possible in the model system, it should be noted that full=acale
miassiles are ordinarily launched at oblique water-entry angles,
Hence, the avaluation of the importance of gan=denaity scaling in
modeling service=missile cavities chould be deferred to Part 2
of this report, which deals with oblique water entry.

CONCLUSIONS

The follewing conclusions were drawn from observation of the
verticaleentry cavities formed by 2=inch=, 1=inch~, and 1/2~inch=
diamotor hemisphericnl=head miasiles, scaled in accordance with
the Froude law to be geometrically and dynamically similar:

1, One-to=one acaling of Froude and cavitation number and
gas denaity produced excellent modeling of the entry cavities
during this neries of tests,

2, Rather good agreement among the cavities was also obtained
with one-to=one scaling of Froude number and gas density in ab=
sence of scaling of cavitation number,

3, One-to=one Froude= and cavitativn=number scaling did not
model the water-entry cavity, The cavities became excessively
large and cavity closure occurred later and became more erratic
as the model uize was decrensed,

4. Good water penctration distance modeling was obtained for
all modeling conditiona studied. T'he penetration distance was not
affected by the mndeling condition,

8, It should not he concluded from these tests that one-to-one
scaling of cavitation number need not be ohserved in modeling the
water=entry cavity because cavitation number may prove mora
important in scaling cavities formed by missiles of ather shapes,
Furthermore, modeling of missile motion during obligue water
entry requires that cavitation number be scaled (Ref, 1 =3),
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Appendix A

PREDICTION OF CAVITY PRESSURE
FROM TAVITY SHAPE

An attempt was made to predict the internal pressures of a
transient cavity formed by an air=to=water missile from the
known internal pressure of a steady-state cavity formed by the
same misaile in a water tunnel, A survey of the data from the
Variable=Angle Variable=Pressure Tank and the Free Surfuce
Water Tunnel at the California Institute c:fTat.-hm:.logy‘z indicated
that tunnel tosts with disks of various sizes oriented at sero angle
of attack and tank testa of a disk=cylinder missile (1/d = 6)

(Fig, 14) launched with vertical trajectory and zero angle of attack
would be moat suitable for comparison, It was felt that the tran~
sient and steady=-state cavities should be congruent at least for
several diameters along the missile body if any prediction of
pressure wers to be made,

Cavities from disks 1/2, 3/4, rnd | inch in diameter and with
cavitation number, ¢, ranging from 0,03 to 0,17 were obaerved in
the water tunnel, The staff of the Free Surface Water Tunnel
measured numerous cavity contours and were able to describe
them all in terms of the following empirical relationship:

y=yo\l8 fg = x\2
(17 ( ) +(———) =1 0,03 ¢ < 0,17
bo LY.

where o is the cavitation number and a, and by, the half-length
and half-diumeter, are defined in Fig. YS. One quadrant of the
curve, which resembles an ellipse, describes the cavity contour
between the separation point and the maximum cavity diameter,

The contours of three transient cavities were measured for
comparison with £q, 17, The conditions under which those cavi=
ties were formed are listed in Table 6.

Fitting the transient data to Eq, 17 posed u problem because
the translent cavity contour was slightly scalloped in appearance
as if it were formed by segments {rom several different cavities,

2 Unpublished data from Hydrodynamics Laboratory, California
Institute of Tuchnology,
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TABLE (. Two-Inch=Diameter Disk=Cylinder Modal Conditions
at Which Trunaient Cavity Data Were Obtained

Approx, Dopth | Approx.
of Cavity Velocity [Tank Air
!imm&h- F‘x;‘;tme Sepurution uf Pruas,, Cavity
nhaAL Ou o Point, Miasile,| atm
diam. fps

1574 6 18 28 1/27 | Open to air
1896 7 24 18 1/27 | Open to air
1593 2 8 55 1/2 Closed to air

It might be suspected that the most representative value of ¢ could
be determined from the cavity segment adjacent to the separation
point, Unfortunately data from the Free Surface Water Tunnael in=
dicate that this portion of the steady=state cavity is completely
independent of o,

The other alternative is to measure the ag and by from the
segmentied cavity and then calculate the comparable steady-atate
contour from Eq.17, These curves and the transient cavity con=
tours which show the previoualy mentioned scalloping are shown
in Fig,16=18, The tranaient cavities are more slender than their
calculated steady~-state nounterparts,

The following empirical expression, similar in form to Eq. 17,
was determined from the three transient cavity contours,

1.8 1.3
Y-y ' ag =~ X
(18) (.......ﬁ 4 _3........) .l
bo L)

where a, and b are defined in Fig, 15,

Since the exponent 1,3 was determined toomn few data, it must
be considered an approximate value, However, the curves from
7q, 18 compare well with the measured cavities (Fig, 16~18) aven
though an equation of this form must necessarily fair out any
scallops in the ¢ .vity wall, It is interesting tu note that close to
the separation point the cavities formed at two different air pres=
sures cun be described by a single ampiricul relationship,

It might be concluded from the dats presented in Fig, 16=~18
alone that transient cavity pressure cannot safely be pr.dicted
from stoady-statu cavity data, However, evea more conclusive,
proof of this is evident from unpublished Free Burface Water
Tunnel data presented in Fig, 19, In Fig.19 the transient cavity
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contours are coimparced to the family of steady=state cavities
measured at various values of ¢ betweon 0,05 and 0,17, Within

1 diameter of the separation point the steady-state cavity contour
is independent of ¢, and between | and 2 diameters aft it ia very
nwarly 8o, The stcady-state cavities begin to show dependence
uptn cdvitatidn number 2 diameters aft of the separation point,
Here the trandient data fall the steady-state contour o = 0,14,
ravther .ft the ¢ ~contour of best fit decronses with distance from
the gupar flon peint until at a distence of 3 diameters aft the best
fi+ accurs oh e contour ¢ » 0.07. This changs in ¢ is too great
to b caussd b+ e thres-diamets: ¢ diffarence in submergsnce.
Nenee the date indicate thal the ifiternal pressure of the iransient
uvi:: cannot be pradicled Irom knnwiedge of W stendy-siote

GIV [l
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Appendix B

ORIGIN OF CIRCTILAR STRIAE
ON WATER=-ENTRY CAVITY

The cavities formed by the disk=cylinder missile (Fig. 14)
launched vertically into water with zero angle of attack and 120="
fpa entry velocity showed well=defined circular stristions normal
to the direction of missile motion, These striae show clearly in
Fig. 20, a typical photograph taken during one of the six duplicate
launchings recorded., Birkhoff (Ref, 13) mentions that axial vi=
bration of the missile induced at water entry might cause such
striae, but this phenomonon has not previously been observed at
this Station,

The longitudinal natural frequency of the missile suspended in
air and the frequency at which the striaes occurred on the cavity
were measured in order to determine whether these atriae might
be caused by axial vibration of the missile.

_The model, suspended from loops of string at the nose and
tail, vibrated at a frequency of approximately 2,000 cps when
struck sharply upon the flat surface of the noss, The note emitted
by the model was measured by matching it to the known tone of a
Hewlett-Packard oscillator, The frequency of the striae upon the
cavity was estimated as follows from the motion of the missile
and the position of the striae with respect to the surface of the
water!

1, The velocity of the missile was plotied as a function of dis=
tance from the water surface (Fig.21). (Velocity was determined
by numaerical differencing of the time=distance data,)

2, The distance of each atria from the water su.face was
measured and the velocity of the missile at the corresponding
point read from the curve (Fig, 21),

3, The timo between strine was taken as the distance between
striae divided by the average velocity of the misaile between the
two points at which the atriae occurred.

Since the cavity does not remain stationary, only striae within
two or three diameters of the missile nose were measured, Sepa-
rate values of the frequency were determined from each of the
firat five framoes in Fig., 20, The frequency from the first frame
waa determined from only one measurement, but in the second
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FIG, 20, Typical Phatopraph of Caovaly Showing Circular Striations Normal
‘o Diredtion of Mossale MNMaotian,
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VELOCITY, FPS
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DISTANCE MEASURED TO EDOE OF NORE DIBK

0 04 ] .8 . 10
DIBTANCE FROM SURPFACK,FT

F1Q, 21, Velocity of Missile as a Function of Distance
Below Water Surface,
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through the fifth frames the average of four, five,or seven meas-
urements was used, The scatter in the values averaged was
approximately +5 percent, Tho frequency of the cavity atriae
appeared to increase slightly with tine (Fig, 22), Extrapolation
of this curve to zero time, which can be eatimated only to within
1/2 ms, gives an initial frequency of 2,250 cps, 12 percent higher
than the natural frequency of the missilo vibrating in air, Since
the differonce between the two measured fraquencies is of the
order of data accuracy, it is quite posaible that the striae on the
cavity wore caused by longitudinal vibration of the missile,

44
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FIG. 22, Frequency of Cavity Strine as a Function
of Time From Water Entry,
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NOMENCLATURE
Maximum diamater of cavity containing missile, ft
in prototype scale
Froude number, F = v/A/dg

Moment of inertis of missile about any transverse
axis through the =@, 1b in2

Length of cavity containing the misaile, £t in proto-
type scale

Reynolda number, R = vd/y

Perijod of oscillation of cavity diameter, sec in pro-
totype scals

Diameter of missile body, in,
Acceleration of gravity, ft sec™2

Minimum depth of cavity enveloping missile balow
water surface, ft

Distance from nose to CG of missile, in,
Mags of miasile, lb

Sum of the gas and vapor pressures in the cavitation
bubble acting to keep the bubble open, 1b ft=2 or
atmospheres

Atnospheric pressure, 1b ft=2 or atmospheres
(standard atmospheric pressure = 740~-mm mercury
pressure)

Sum of the hydrostatic and atmosphueric pressures
acting to collupse cavitation bubble, 1b ft=#, The
absolute presaure in the undisturbed liquid, 1b ft=%
or atmoapheres

Miaaile water penetration measured along trajectory
{from point of water contact, ft

Time from instant of missile water contact, sec
Velocity of missile, ft sac™!
Velocily of gaa, ft soc™!
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' o Misuile angle of attack in pitch, deg, Angle in the
vertical plane hetwoen miusile axis and direction
of motion, positive in the smense of nose=-up rotation

© Miasile angle of pitch. deg, Angle betv.uen missile
axis and horisantal plane, positive {n the sense of
nose=up rotation

A Modeling scale factor, A\ = dm/t'.lp
4 Kinematic viscosity, ft2 sec=!

¢t Trajectory angle of misaile, deg., Path angle with
respect to horimontal plane, positive in climb

p' Ratio of the dunwity of the gas (irrespective of its
associated conditions of temperature and pressure)
to that of air at 20°C and 740~mm Hg pressure

Density of gas, slug g3
nw Denaity of water, alug ft"°
Cavitation number, o= (p‘ + pwgh - p‘:)/«}pwvz

]

¥ Yaw of missile, deg, Angle between the miasile axis
and vertical plane containing tha trajectory, positive
when missilo tail is to the right as viewed from the
rear

w Closure parameter

SUBSCRIPTS
m Model missiles
p Prototype missiles
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4,

5,
6,

7.
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10,
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ration of the contract and be returned when no longer requirec, ot upon recall by ASTIA
to the following address: Armed BServices Techanical !nformation Agency,
Document Service Ceater, Knott Building, Dayton §, Ohlo,
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NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATION. OR OTHER DATA
ZARE USED FOR ANY PURPOSE OTHER TEAN IN CONNECTION WITH A DEFINYTELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U, 8. GOVERNMIINT THERETY INCURS

NO RESFONBIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND ‘'HI FACT THAT THE
GOVERNMENT MAY HAVY FORMULATED, FURNISHED, OR IN ANY WAY SUPVLIED THE

SAID *. - .WINGS, SPECITIC ATIONS, OR OTEER DATA IS NOT TO Bli REGARD'D BY
IMFLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THIL HOLDER OR ANY OTHER
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMIISION 1O MANUFACTURE,
USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY HE RELATED THERETO.
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